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During Xenopus gastrulation, mesendodermal cells are internalized and display different movements. Head mesoderm migrates along the
blastocoel roof, while trunk mesoderm undergoes convergent extension (C&E). Different signals are implicated in these processes. Our previous
studies reveal that signals through ErbB receptor tyrosine kinases modulate Xenopus gastrulation, but the mechanisms employed are not
understood. Here we report that ErbB signals control both C&E and head mesoderm migration. Inhibition of ErbB pathway blocks elongation of
dorsal marginal zone explants and activin-treated animal caps without removing mesodermal gene expression. Bipolar cell shape and cell mixing
in the dorsal region are impaired. Inhibition of ErbB signaling also interferes with migration of prechordal mesoderm on fibronectin. Cell–cell and
cell–matrix interaction and cell spreading are reduced when ErbB signaling is blocked. Using antisense morpholino oligonucleotides, we show
that ErbB4 is involved in Xenopus gastrulation morphogenesis, and it partially regulates cell movements through modulation of cell adhesion and
membrane protrusions. Our results reveal for the first time that vertebrate ErbB signaling modulates gastrulation movements, thus providing a
novel pathway, in addition to non-canonical Wnt and FGF signals, that controls gastrulation. We further demonstrate that regulation of cell
adhesive properties and cell morphology may underlie the functions of ErbBs in gastrulation.
© 2006 Elsevier Inc. All rights reserved.Keywords: ErbB signaling; Gastrulation; Convergent extension; Migration; Adhesion; Membrane protrusionIntroduction
Vertebrate body plan is established during the process of
gastrulation during which cells from prospective germ layers are
brought to their proper locations by concerted cell movements,
so that ectoderm covers the embryos, endoderm lines the
internal cavity, and mesoderm lies in between. In Xenopus,
different cell behaviors in gastrulation have been described
(Keller, 1991; Winklbauer et al., 1996; Keller et al., 2003;
Solnica-Krezel, 2005). In the animal region, cells undergo radial
intercalation to form fewer layers of cells that spread vegetally
in a process called epiboly. Within the marginal region,
mesodermal and endodermal cells involute through the
blastopore to internalize. Following involution, head mesoderm
migrates animally along the blastocoel roof (BCR), while trunk
mesoderm undertakes mediolateral intercalation to converge
towards the midline and extend in an anterior–posteriorAbbreviations: C&E, convergence and extension; BCR, blastocoel roof.
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critical for blastopore closure and narrowing and elongation
of body axis. In the vegetal region, endodermal cells initiate
vegetal rotation movements prior to and extending into
gastrulation, providing an essential force for gastrulation. The
highly orchestrated cell movements in different regions of the
embryos require dynamic and integrated regulation of cell–cell
and cell–matrix interactions, and multiple signaling pathways
have been implicated in modulation of various aspects of cell
movements during gastrulation.
The best studied gastrulation movement is C&E (Wall-
ingford et al., 2002). Both non-canonical Wnt and fibroblast
growth factor (FGF) signals are shown to regulate C&E. The
Wnt/Planar Cell Polarity (PCP) pathway modulates polarized
membrane protrusion in chordamesoderm through the cyto-
plasmic proteins Dishevelled and Rho and Rac GTPases (Sokol,
1996; Wallingford et al., 2000; Habas et al., 2001, 2003; Tahinci
and Symes, 2003; Kwan and Kirschner, 2005); while the Wnt/
Ca2+ pathway regulates C&E through Cdc42 (Choi and Han,
2002; Penzo-Mendez et al., 2003). Stringent control of non-
canonical Wnt signal levels is important, as both elevation and
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modulates C&E via different downstream signals. By activat-
ing mitogen-activated protein kinase (MAPK) pathway, FGF
stimulates expression of its direct target Brachyury, which
mediates mesodermal induction as well as transcription of
Wnt11—a crucial component in the non-canonical Wnt
pathway. FGF thus controls C&E indirectly this way (Amaya
et al., 1991; Conlon and Smith, 1999; Tada and Smith, 2000;
Kwan and Kirschner, 2003; Yokota et al., 2003). FGF also
activates protein kinase C (PKC) and Ca2+ pathway to impact
on morphogenesis directly without an effect on cell fate, and
this branch of FGF signals can be modulated by the negative
feedback regulator Sprouty2 (Nutt et al., 2001; Sivak et al.,
2005).
Migration of head mesoderm along the BCR seems to be
controlled by distinct signals. Platelet-derived growth factor
(PDGF) pathway is implicated in this process. PDGF-A ligand
is expressed in the animal cells, and PDGF receptor-α is
expressed in the mesodermal cells (Jones et al., 1993). PDGF
signaling is not required for C&E or head mesoderm migration
per se, but is essential for providing guidance cue for directional
migration of prechordal mesoderm towards the animal pole
(Ataliotis et al., 1995; Symes and Mercola, 1996; Nagel et al.,
2004). The transcription factor Brachyury, which is necessary
for C&E in trunk mesoderm, inhibits migration of head
mesoderm (Kwan and Kirschner, 2003). It is thus likely that
the two types of cell movements are coordinated.
In our previous studies, we showed that a different growth
factor signaling, the ErbB pathway, is also involved in Xenopus
gastrulation (Nie and Chang, 2006). ErbBs are receptor tyrosine
kinases that mediate signals from epidermal growth factor
(EGF)-like cytokines. Upon binding to ligands, ErbBs are
tyrosine-phosphorylated and can activate multiple downstream
signaling cascades, including the MAPK, the phosphatidylino-
sitol-3 kinase (PI3K), and the phospholipase C gamma (PLCγ)/
PKC pathways (Olayioye et al., 2000; Yarden and Sliwkowski,
2001; Carpenter, 2003; Citri et al., 2003). ErbBs regulate
diverse cellular functions, such as proliferation, migration,
differentiation and survival/death, and participate in various
developmental processes during both invertebrate and verte-
brate early embryogenesis (Yarden and Sliwkowski, 2001;
Moghal and Sternberg, 2003; Shilo, 2003). Our previous work
uncovered that all ErbBs were expressed in early Xenopus
embryos at gastrula stages, and inhibition of ErbB signaling by
dominant negative ErbB receptors (DN-ErbBs) induced gas-
trulation defects (Nie and Chang, 2006). However, the
mechanisms underlying the functions of ErbBs in gastrulation
are not understood.
In this study, we used both the truncated ErbB receptors and
ErbB4-specific antisense morpholino oligonucleotides (MO) to
investigate the roles of ErbBs in gastrulation. We demonstrate
that ErbBs control both C&E and head mesoderm migration,
thus identifying ErbB signaling as a unique regulator of
different gastrulation movements. We further show that ErbBs
regulate gastrulation at least partially through modulation of cell
adhesion and cell shape changes, providing a mechanism for the
actions of ErbBs during gastrulation.Materials and methods
Embryo manipulations, morpholino oligonucleotides and plasmid
construction
Embryos were obtained, maintained and microinjected with capped RNAs or
ErbB4-MO as described (Chang et al., 1997). A standard control MO (Gene
Tools Inc.) and the ErbB4-MO containing the sequence 5′-TTCCCTCCAA-
AAACTCTGGATCTCC-3′, which hybridizes to −29 to −5 position relative to
the translational start site of XErbB4 (Genbank accession no. DQ646916), were
used. Themembrane-tethered EGFP and tdTomato plasmids were constructed by
a PCR-based strategy to add the CAAX sequence of Ras to the C-termini of these
proteins. The tdTomato template was kindly provided by Dr. Roger Tsien (UAB
university-wide license through Dr. Bradley Yoder).
Head mesoderm migration assay
Anterior DMZ explants were dissected from stage 10.5–11 embryos and
incubated in tissue culture dishes coated with 20 μg/ml human fibronectin
(Sigma) overnight at 4°C (Winklbauer, 1990). The migratory behaviors of the
cells were followed at 1-h intervals for 6 h. The farthest distance of coherent cell
migration was measured. The average distances in injected explants were
calculated and compared with that in control explants, and the significance of the
differences was assessed by Student t-test.
Cell intercalation assay
RNAs encoding membrane-tethered fluorescent proteins EGFP and
tdTomato were injected separately into different dorsal blastomeres of two- to
four-cell stage embryos, alone or with RNAs encoding DN-ErbBs (2 ng). Open-
face explants were made by dissecting dorsal explants and peeling out the
ectoderm at late gastrula stages (∼stage 12). The explants were plated on
fibronectin-coated coverslip with the mesoderm layer facing the matrix. The
explants were then examined with Olympus IX70 inverted fluorescence
microscope at neurula stages.
Cell adhesion and membrane protrusion assays
DMZ explants were dissected at early gastrula stages and dissociated for an
hour in calcium- and magnesium-free buffer (CMFB). For cell–cell adhesion
assay, the dissociated cells were plated on agarose-coated dishes in a buffer
containing calcium and magnesium (MBSH) and allowed to reaggregate by
orbital horizontal shaking for 3 h. For cell–matrix adhesion assay, the
dissociated cells were plated on fibronectin-coated coverslips in MBSH for an
hour. Loose, non-adherent cells were then gently washed away and pictures
were taken before and after the washes. For cell spreading assay, cells adhering
to fibronectin-coated coverslips were examined by phase-contrast microscopy.
For observation of membrane protrusions, dissociated DMZ cells from embryos
injected with membrane-tethered EGFP with or without ErbB4-MO were plated
on FN-coated coverslip for an hour to allow adhesion, and the behaviors of
adherent cells were recorded by time-lapse movies (3′-4′ per movie with 3″
frame intervals) using Olympus IX70 inverted fluorescence microscope.
Different types of protrusions were counted for each cell and the numbers in
control and injected samples were compared.
In situ hybridization (ISH), whole mount immunohistochemistry
(WMIHC), βGal and Nile Blue staining and TUNEL assay
ISH and WMIHC were performed as described (Chang et al., 1997).
Fibronectin antibody (Sigma) was used at 1:200 dilution and the secondary
antibody (Jackson Laboratories) was used at 1:500–1:1000 dilutions. For
lineage tracing with nuclear βGal (nβGal), the embryos were injected with
100 pg nβGal RNA and 2 ng RNAs encoding DN-ErbBs or 20 ng ErbB4-MO
and incubated to late gastrula and neurula stages before examined by staining
with the Red Gal substrate (Research Organics). For cell death analysis of the
cells shed from the DMZ explants, cells were collected and stained with 1% Nile
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Hensey and Gautier (1998).
Results
Inhibition of ErbB signaling leads to gastrulation defects in
early Xenopus embryos
Previously, we showed that blocking ErbB pathway with
truncated ErbB receptors (DN-ErbBs) that lacked the tyrosine
kinase domain and the C-terminal tails resulted in delayed or
impaired blastopore closure, indicating that ErbBs mightFig. 1. ErbB signaling regulates Xenopus gastrulation. (A) ErbB4-specific MO block
encoding ErbB4 (1–2 ng), with or without 20 ng ErbB4-MO, were injected into the a
dorsal marginal zone (DMZ) of four-cell stage embryos induced gastrulation defects
defects. (C) Human ErbB4 (5–8 pg) partially rescued gastrulation defects induced by
with wild-type ErbBs (0.2 ng). In panels C and D, embryos with different phenotypregulate gastrulation (Nie and Chang, 2006). To further examine
the specificity of this phenotype and the particular ErbB
receptors involved in this process, we analyzed the effect of
depleting one ErbB, ErbB4, on Xenopus gastrulation and
performed rescue experiments. As shown in Fig. 1A, an ErbB4-
specific MO blocked induction of ectopic structures by Xeno-
pus, but not human, ErbB4; and the MO did not inhibit EGFR or
ErbB2 (not shown). When injected into early Xenopus embryos,
ErbB4-MO induced gastrulation defects. The morphants
displayed impaired blastopore closure and showed open back
phenotype as well as reduced head structures and shortened
body axis (Fig. 1B). By contrast, embryos injected with as induction of ectopic structures by Xenopus, but not by human, ErbB4. RNAs
nimal region of two-cell stage embryos. (B) Injection of ErbB4-MO (20 ng) into
. Morphants showed delayed blastopore closure, open back, and axial and head
ErbB4-MO. (D) Rescue of gastrulation defects induced by DN-ErbBs (2–4 ng)
es were counted and summarized in the bar graph.
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defects could be partially rescued by coinjected human ErbB4
(Fig. 1C), demonstrating that the effect of ErbB4-MO on Xe-
nopus gastrulation is specific. Similarly, impaired gastrulation
induced by DN-ErbBs was partially rescued by coinjected wild-
type receptors (Fig. 1D).
To see whether the gastrulation defects were due to defective
dorsal mesodermal specification or a direct effect on cell
movements, we assayed for expression of marker genes by
whole mount in situ hybridization. Transcription of the
mesodermal gene Brachyury (Xbra), the dorsal mesodermal
marker chordin and the head mesodermal gene goosecoid was
not inhibited by loss of ErbB signaling at gastrula stages (Fig.
2A). The pattern of chordin and goosecoid expression, however,
was altered. While chordin domain was more restricted in the
dorsal region in control embryos, the expression was spread into
more lateral territories in embryos injected with DN-ErbB
RNAs or ErbB4-MO. Similarly, goosecoid-expressing cells
migrated away from the blastopore during gastrulation in wild-
type embryos, but they remained around the blastopore inFig. 2. Inhibition of ErbB signaling did not interfere with mesodermal induction in e
the dorsal mesodermal marker Chordin and the head mesodermal marker Goosecoid w
transcription of the notochord markers Xbra and chordin as well as the neural marke
shorter in ErbB-inhibited embryos compared with that in control embryos.embryos in which ErbB signaling was blocked (Fig. 2A). At
neurula stages, both Xbra and chordin were detected in the
notochord as elongated bands, but their expression domains
were shortened and widened in embryos where ErbB signaling
was impaired (Fig. 2B). In addition, Sox3, a neural marker,
showed the similar expression pattern of reduced length but
increased width in embryos where ErbB signaling was
compromised (Fig. 2B). Our data suggest that inhibition of
ErbB signals does not interfere with dorsal mesoderm
formation, but the movements of mesodermal cells during
gastrulation may be perturbed.
ErbB signaling regulates convergent extension movements
Defects in different gastrulation movements can lead to
impaired blastopore closure. Blocking FGF or Wnt signaling,
for example, results in impaired C&E and failure of blastopore
to close (Wallingford et al., 2002). Inhibition of PDGF
signaling, in contrast, prevents directional migration of head
mesoderm along the BCR, which also results in defectivearly frog embryos. (A) Expression of the mesodermal marker Brachyury (Xbra),
as not blocked by loss of ErbB signaling in frog gastrulae. (B) At neurula stages,
r Sox3 was not impaired. The pattern of dorsal gene expression was wider and
Fig. 3. ErbB signaling regulated C&E in DMZ explants. (A) DN-ErbBs blocked DMZ explants elongation. 2 ng RNAs encoding DN-ErbBs or DN-FGFRs were
injected into the DMZ regions of four-cell stage embryos. DMZ explants were dissected from gastrula (stage 10) embryos and cultured till neurula stages (stage 17).
(B) Unlike DN-FGFRs, DN-ErbBs did not significantly inhibit mesodermal marker expression in DMZ explants. (C) Similarly to DN-ErbBs, ErbB4-MO blocked
C&E. The C&E movements were rescued by coexpression of human ErbB4 with ErbB4-MO, or wild-type ErbBs with DN-ErbBs.
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Fig. 4. Inhibition of ErbB signaling blocked C&E in early Xenopus embryos.
RNA encoding nuclear βGal (0.1 ng) was coinjected with DN-ErbB RNAs
(2 ng) or 20 ng control-MO or ErbB4-MO into DMZ of four-cell stage embryos.
The pattern of dorsal cell distribution was examined by staining of the injected
embryos at gastrula or neurula stages with the Red Gal substrate. While the
labeled cells formed a long and narrow stripe along the dorsal midline in control
or control-MO-injected embryos, cells from DN-ErbB- or ErbB4-MO-
expressing embryos showed a much wider and shorter distribution.
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understand how ErbBs regulate gastrulation, we first examined
whether ErbB signaling is required for C&E movements.
One way to assess C&E is the dorsal marginal zone (DMZ)
explant experiment. Tissues taken from DMZ at gastrula stages
contain axial and paraxial mesoderm and undergo C&E to form
elongated explants. To see whether ErbB signals regulate this
process, we dissected DMZ explants at early gastrula stages
(stage 10) and incubated them to mid-neurula stages (stage 17)
for examination. Control DMZ explants displayed characteristic
narrowing and elongation, but explants from DN-ErbB-
expressing or ErbB4 morphant embryos showed dramatic
decrease in elongation (Figs. 3A, C). Comparing the effects of
blocking ErbB and FGFR signals showed that truncated FGFRs
inhibited C&E more efficiently, resulting in DMZ explants with
round shape (Fig. 3A). To further exclude the possibility that
ErbBs may regulate mesodermal cell fate which then affects
C&E secondarily, we analyzed gene expression in these
explants by RT-PCR. Expression of multiple markers at both
gastrula (stage 11) and early tailbud (stage 22) stages was not
significantly inhibited by DN-ErbBs, though there were slight
variations among samples in different experiments (Fig. 3B).
This was in sharp contrast with the explants expressing
truncated FGFRs, where most of the markers were almost
completely eliminated (Fig. 3B). To further test the specificity
of the phenotype, we again performed rescue experiments.
Elongation of DMZ explants was nicely rescued by coexpres-
sion of wild-type ErbBs with truncated receptors or human
ErbB4 with ErbB4-MO (Fig. 3C). Our data indicate that ErbB
signaling regulates C&E directly without affecting mesodermal
cell fate, and that ErbBs and FGFRs may modulate C&E
movements through distinct mechanisms.
One interesting phenomenon we observed was that many
mesodermal cells dissociated from the explants at late neurula to
tailbud stages when ErbB signaling was inhibited by DN-ErbBs
or when ErbB4 was depleted in the explants. No shedding was
observed in explants expressing DN-FGFRs (Suppl. Fig. 1 and
data not shown). Analyses of cell death with Nile blue staining
revealed that most cells dissociated from the explants were still
alive, suggesting that blocking ErbB signaling did not
significantly affect cell survival. Our results imply that ErbBs
may regulate cell–cell adhesion. This possibility will be
addressed later (see below).
Other ways to assess C&E include the animal cap assay.
Animal caps, which normally form atypical epidermis, can be
induced by activin to express mesendodermal markers. These
induced explants undergo C&E movements similar to those
exhibited by endogenous dorsal mesodermal cells. To see
whether ErbBs participate in C&E in induced animal caps, we
examined the morphology of and marker expression in activin-
treated caps. We showed that similar to that in DMZ explants,
inhibition of ErbB signaling in animal caps blocked activin-
induced cap elongation without altering mesendodermal gene
expression (Suppl. Fig. 2). This result confirms that ErbBs
regulate cell movements without affecting cell fate.
To see whether ErbBs influence C&E in whole embryos, we
next analyzed C&E in vivo by labeling dorsal cells with alineage tracer, the nuclear β-galactosidase (nβGal). RNA
encoding nβGal was injected alone or with DN-ErbB RNAs
or ErbB4-MO into themarginal region of two dorsal blastomeres
of four-cell stage embryos. The embryos were examined for
βGal staining at gastrula or neurula stages. Labeled dorsal cells
in control embryos or embryos expressing a control MO
converged toward the dorsal midline as development proceeded,
so that by the end of neurulation only a narrow stripe of labeled
cells along the midline was visible. In embryos injected with
DN-ErbB RNAs or ErbB4-MO, stained cells were distributed in
a much wider area and the anterior–posterior (AP) extension of
the labeled domain was also shorter (Fig. 4). As the staining in
some of the samples was weaker, we also addressed whether cell
death could be a main reason for impaired C&E. We thus
performed TdT-mediated dUTP digoxigenin nick end labeling
(TUNEL) assay to examine apoptosis. We observed a slight
increase in apoptotic cells in some embryos injected with DN-
99S. Nie, C. Chang / Developmental Biology 303 (2007) 93–107ErbBs or ErbB4-MO, but the overall effect on cell death was
mild (Suppl. Fig. 3). This implies that apoptosis may not be a
major contributor for the observed phenotype. Our data illustrate
that when ErbB signaling was blocked, cells did not converge in
a mediolateral direction efficiently and the extension of axial/
paraxial mesoderm along the AP direction was also impaired.
Regulation of cell shape and intercalation by ErbB signaling
During C&E, dorsal mesodermal cells display bipolar
elongated shape and move along mediolateral direction toward
the midline. To investigate whether this mediolateral cell
intercalation behavior is influenced by altered ErbB signaling,
we carried out a cell tracing experiment using membrane-
tethered fluorescent proteins EGFP and tdTomato. RNAs
encoding these fluorescent proteins were injected separately
into different dorsal blastomeres of two- to four-cell stageFig. 5. Blocking ErbB signaling interfered with bipolar cell morphology and inhibi
EGFP and tdTomato were injected separately into different dorsal blastomeres of tw
Dorsal explants were dissected at late gastrula stages (∼stage 12) and plated on fibron
ErbBs blocked bipolar spindle cell shape and cell mixing in the dorsal region.embryos, with or without RNAs encoding DN-ErbBs. Dorsal
explants were dissected from injected embryos at gastrula stages
and plated on fibronectin-coated coverslip. The morphology
and the locations of labeled cells were then observed at neurula
stages under fluorescence microscope. In control embryos,
labeled cells adopted bipolar shape and moved across the
midline, so that cells with different labeling intermixed in the
dorsal region (Fig. 5). When DN-ErbBs were coinjected with
the fluorescent proteins, cells in two halves of the embryos
respected their boundary and did not mix much along the
midline. In addition, most cells displayed rounded or rectan-
gular morphology and did not take the spindle shape. Some of
the rectangular cells elongated in the mediolateral direction, but
they failed to intercalate efficiently (Fig. 5). Our results suggest
that ErbB signaling controls cell morphological changes
required for C&E, and blocking ErbB pathway prevents
mediolateral cell intercalation.ted mediolateral cell intercalation. The membrane-tethered fluorescent proteins
o- to four-cell stage embryos, alone or with RNAs encoding DN-ErbBs (2 ng).
ectin-coated coverslip. The explants were then examined at neurula stages. DN-
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migration
In addition to C&E, directional migration of anterior
mesendoderm along the BCR is also critical for proper
gastrulation morphogenesis; blocking this movement (e.g., by
truncated PDGFR) can lead to impaired blastopore closure
(Ataliotis et al., 1995). To see whether ErbB signaling also
participates in regulation of head mesoderm migration, we
performed an in vitro explant assay. Anterior DMZ explants
encompassing the head mesoderm were dissected from stageFig. 6. Inhibition of ErbB signaling impaired head mesodermmigration on fibronectin
embryos and plated on FN-coated dish. Migration of head mesoderm was recorded at
the control explants, but cells from DN-ErbB-expressing explants did not migrate ef
anterior mesendoderm migration. The number and percentage of explants with mi
migration in explants containing migratory cells were shown in the bar graph. Student
were significant, with the p-values less than 0.0001. (C) Migration of head mesoder
expressing explants, but cells dissociated during the course of migration. The cell
mesoderm migration from ErbB4 morphant embryos. The percentage of explants mai
indicated that the difference in average migration distances between the control and10.5 embryos and plated on fibronectin-coated dishes. Migra-
tion of the explants was followed at 1-h intervals for 6 h. In
control explants, cells migrating away from the central tissue
were already visible after 1-h incubation; by the end of 6 h, a
sheet of cells moving out of the explants was seen clearly in
culture dishes (Figs. 6A, C). Quantification of the distances the
furthest cells migrated indicated that head mesoderm traveled
on average as far as 0.32–0.38 mm (Figs. 6B, D). Explants from
DN-ErbB injected embryos still attached to the fibronectin-
coated dishes, but fewer explants migrated. Compared with 84–
86% control explants with migratory cells, only 34–43%(FN) substratum. (A) Anterior DMZ explants were dissected from stage 10.5–11
1-h intervals for 6 h. A continuous sheet of cells was seen to migrate away from
ficiently and often moved as unconnected individual cells. (B) Quantification of
gratory cells were listed under each sample, and the distances of furthest cell
t-test suggested that the differences between the control and the injected samples
m from ErbB4 morphant embryos was less affected than those from DN-ErbB-
adhesion defects were rescued by human ErbB4. (D) Quantification of head
ntaining cell adhesion was calculated among the migrated explants. Student t-test
the ErbB4-MO explants was significant, with the p-value of 1.3E-6.
Fig. 7. Blocking ErbB signaling affected cell–cell adhesion. DMZ explants were
dissected at early gastrula stages and dissociated in CMFB for an hour before
reaggregation in MBSH with horizontal shaking. Cells from control explants
reaggregated to form large clusters. Cells expressing DN-ErbBs (A) or ErbB4-
MO (B) still reaggregated, but they formed smaller and looser clusters.
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6). Instead of a continuous sheet of cells spreading out from the
explants, tissues expressing DN-ErbBs contained mainly
individual migratory cells without much interconnection (Fig.
6A), indicating that cell–cell interaction might be compro-
mised. For the cells that did move out of DN-ErbB-expressing
explants, the distances they traveled were much shorter than
those in control explants. The average distances of furthest cell
migration were 0.15 mm, 0.15 mm, 0.17 mm and 0.13 mm for
DN-EGFR, DN-ErbB2, DN-ErbB3 and DN-ErbB4 explants,
respectively, about half of the distance the control head
mesoderm migrated (Fig. 6B). Student t-test indicated that the
differences between the control and the injected samples were
significant, with the p-values less than 0.0001 for all DN-ErbBs
(Fig. 6B). When comparing DN-ErbB-expressing explants with
those from ErbB4 morphant embryos, we found that a higher
percentage of head mesoderm migrated in the morphants (63%
vs. 34–43%), and the average distances the cells traveled were
also further than those in DN-ErbB explants (0.2 mm, with the
p-value of 1.3E-6 when compared with control explants; Fig.
6D). Despite this, cells displayed similar defects in adhesion
behaviors so that individual cells were seen spreading around
the core tissues after 6 h (Fig. 6C). Expression of human ErbB4
with ErbB4-MO effectively rescued the cell dissociation
phenotype (Figs. 6C, D). Our data reveal that in addition to
trunk mesoderm C&E, ErbB signaling also regulates head
mesoderm migration, and this may be achieved partially
through modulation of cell adhesion.
ErbB signaling is not required for fibronectin deposition
During gastrulation, head mesoderm migrates on fibronectin
substratum deposited at the inner surface of the BCR by
ectodermal cells. The fibronectin meshwork is required for both
adhesion and migration of head mesoderm. Since the neuregulin
ligand and all four ErbBs are expressed in the ectoderm, it is
possible that the ectodermal ErbB signaling controls the
deposition of fibronectin matrix. To test this hypothesis, we
examined the expression of fibronectin at gastrula stages by
immunohistochemistry studies. Both wild-type and DN-ErbB-
expressing gastrulae displayed a thin layer of fibronectin matrix
lining the inner surface of the BCR (Suppl. Fig. 4), indicating
that blocking ErbB signaling does not prevent synthesis or
deposition of fibronectin. It is currently unknown whether the
organization of fibronectin fibrils is also unaffected.
ErbB signaling regulates cell–cell and cell–matrix adhesion
and cell spreading
Cells change their adhesive properties dynamically during
morphogenesis. Alterations in cell–cell and/or cell–matrix
adhesion can have deleterious effect on cell movements, leading
to gastrulation defects. In our experiments, we noticed that
inhibition of ErbB signaling resulted in cell shedding in DMZ
explants and individual cell migration in head mesoderm,
implying that ErbBs might modulate cell–cell adhesion. To
examine this possibility more directly, we performed celldissociation and reaggression assay. DMZ explants were
dissected from early gastrula (stage 10) embryos and dissociated
in calcium- and magnesium-free buffer (CMFB) for 1 h. The
dissociated cells were then reaggregated in buffer containing
calcium and magnesium (MBSH) for 3 h with orbital horizontal
shaking. Cells from control DMZ explants formed large clusters
after 3 h (Fig. 7). Cells from DMZ explants expressing DN-
ErbBs (Fig. 7A) or ErbB4-MO (Fig. 7B) still reaggregated;
Fig. 8. ErbB signaling modulated adhesion of mesodermal cells to fibronectin.
Dissociated DMZ cells were plated on FN-coated coverslip for an hour before
loose, non-adherent cells were removed with gentle wash. Pictures were taken
before and after the wash and the number of the cells on the coverslip was
counted. While about 92% of cells from control explants remained attached to
the coverslip, 64–82% of cells from explants injected with DN-ErbBs or ErbB4-
MO adhered to the glass after the wash. The effect of ErbB4-MO on cell
adhesion was rescued by coexpression of human ErbB4 (89% of adherent cells).
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The data demonstrate that ErbB signaling influences mesendo-
dermal cell–cell adhesion.
To see whether ErbB signaling also regulates cell–matrix
adhesion, we next plated dissociated DMZ cells on fibronectin-
coated coverslip in MBSH buffer. After 1-h incubation to allow
cells to bind to fibronectin, unattached cells were washed away
gently. Comparing the cells left on the coverslip before and after
the wash suggested that there was a reduction in the number of
the cells retained on the coverslip when ErbB signaling wasFig. 9. ErbB signaling controlled cell spreading on fibronectin. (A) Cells from contro
DN-ErbBs or ErbB4-MO showed reduced ability to spread. (B) Quantification of
spreading on FN, but 35%, 34%, 27% and 33% of cells expressing DN-EGFR, D
expressing ErbB4-MO spread, and the number increased to 52% when human ErbBinhibited. While about 92% of cells from control DMZ adhered
to the coverslip, 82%, 70%, 65%, 64% and 64% of cells from
samples injected with DN-ErbBs or ErbB4-MO remained on the
coverslip. Coexpression of human ErbB4 with ErbB4-MO
rescued cell adhesion to 89% of adherent cells (Fig. 8). A closer
look at the morphology of the cells that retained on the coverslip
indicated that about 58% of control cells underwent flattening
and spreading, but only 27–35% of cells from embryos
expressing DN-ErbBs or ErbB4-MO could spread and assume
multipolar cell shape (Fig. 9). The effect of ErbB4-MO on cell
spreading on fibronectin was nicely rescued by coexpressed
human ErbB4 (Fig. 9), suggesting that the effect was specific.
Our results show that ErbB signaling modulates cell–matrix
interaction and the subsequent cell shape changes in response to
matrix signals.
Regulation of membrane protrusions by ErbB signaling
During morphogenesis, cells modify their membrane
protrusions dynamically to fulfill the needs for polarization,
shape changes and movements. Defects in membrane protrusive
activities can account for impaired cell movements. To
comprehend whether ErbB signaling regulates cell protrusions,
we made time-lapse movies of individual mesendodermal cells
labeled with membrane-tethered EGFP at gastrula stages. We
observed that control cells extended and retracted lamellipodia
and filopodia animatedly, but cells expressing ErbB4-MO
showed much reduced and static membrane protrusions. Thesel DMZ explants spread upon binding to FN, but cells from explants injected with
cell spreading on FN-coated coverslip. Control samples showed 58% of cells
N-ErbB2, DN-ErbB3 and DN-ErbB4 spread on FN respectively. 30% of cells
4 was coexpressed with the MO.
Fig. 10. ErbB signaling influenced formation of membrane protrusions. Embryos were injected with membrane-tethered EGFP with or without ErbB4-MO and human
ErbB4. DMZ explants were dissected and dissociated in CMFB for an hour, and dissociated cells were plated on FN-coated coverslip in MBSH for an hour to allow
cell adhesion. Time-lapse movies were made to record the membrane protrusive activities. (A) Control cells showed dynamic lamellipodia and filopodia formation,
whereas cells expressing ErbB4-MO did not form these protrusions efficiently. Instead, they had dynamic membrane blebs. The defects in protrusive activities were
rescued when ErbB4-MO was coexpressed with human ErbB4 RNA. (B) Quantification of membrane protrusions in different samples. Lamellipodia, filopodia and
membrane blebs were counted separately and summarized in the bar graph. An average of 1.3 lamellipodia, 1.7 filopodia and 0.3 membrane blebs per minute were
observed in control cells. Expression of ErbB4-MO decreased both lamellipodia and filopodia to 0.3 times per minute, but increased membrane blebs to 0.7 times per
minute. Coinjection of human ErbB4 shifted the frequencies of these membrane protrusions back to 0.9, 1.3 and 0.3 times per minute respectively. Student t-test
indicated that the differences in protrusive activities between ErbB-MO and control cells were significant (p-values of 2.4E-24, 1.3E-9 and 1.7E-2 for the three
different protrusions), while the differences between control and the rescued samples were not significant (p-values of 0.08, 0.19 and 0.35 for the three protrusions).
The total numbers of cells counted were given under the bar graph.
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changed their locations within the cells. The alteration in
membrane protrusions caused by depletion of ErbB4 was
rescued with coexpressed human ErbB4, so that the formation
of dynamic lamellipodia and filopodia was restored (Fig. 10,
and Supplementary movies). The data demonstrate that ErbB
signaling regulates the dynamics of membrane protrusions in
mesendodermal cells during gastrulation.
Discussion
ErbB signaling controls diverse cellular functions, including
cell migration in Drosophila and cell contraction in C. elegans
(Lehmann, 2001; Moghal and Sternberg, 2003). In vertebrate,
ErbBs are shown to modulate cell motility under pathological
conditions during cancer cell invasion and metastasis (Holbro et
al., 2003). However, it is unclear whether ErbBs also regulate
cell movements under normal physiological conditions, such as
during early vertebrate development. In this study, we provide
first evidence that ErbB signaling is essential for Xenopus
gastrulation morphogenesis by controlling both convergent
extension and head mesoderm migration. We show that ErbBs
modulate cell adhesion, spreading, and membrane protrusions,
indicating that an important mechanism underlying the
activities of ErbBs in gastrulation is to modify cell adhesive
properties and cell morphology. Our work thus suggests that
vertebrate ErbB signaling regulates cell motility during early
embryogenesis.Convergent extension
Currently, two signaling pathways, those of non-canonical
Wnt and FGF, are shown to regulate convergent extension. In
the Wnt/PCP pathway, Wnt5A and Wnt11 signal through
Frizzled to activate Dishevelled, which recruits Daam1 to
activate Rho and Rho effectors ROKα and JNK and recruits
Rac1 to activate JNK (Moon et al., 1993; Sokol, 1996; Djiane et
al., 2000; Medina et al., 2000; Tada and Smith, 2000;
Wallingford et al., 2000; Habas et al., 2001, 2003; Yamanaka
et al., 2002; Kinoshita et al., 2003; Tahinci and Symes, 2003;
Kim and Han, 2005; Kwan and Kirschner, 2005). This pathway
can be inhibited by protein kinase A (Park et al., 2006). In the
Wnt/Ca2+ pathway, G proteins are activated downstream of
Frizzled to mobilize intracellular calcium and stimulate PKC to
activate Cdc42 (Choi and Han, 2002; Penzo-Mendez et al.,
2003). The activated Rho/Rac/Cdc42 GTPases regulate cytos-
keleton reorganization to control dynamics and polarization of
cellular protrusions—lamellipodia and filopodia, thus affecting
cell behaviors (Wallingford et al., 2000; Settleman, 2001;
Tahinci and Symes, 2003; Jaffe and Hall, 2005; Ren et al.,
2006). FGF signaling, in contrast, regulates both mesoderm
induction and C&E movements. FGF stimulates MAPK
pathway to induce mesodermal genes, including Brachyury, a
gene required for C&E. FGF also activates PKC and Ca2+
signals to regulate morphogenesis directly without affecting
mesodermal fate (Amaya et al., 1991; Conlon and Smith, 1999;
Nutt et al., 2001; Sivak et al., 2005). FGF regulates C&E at least
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activates Rho family GTPases and controls filopodia formation
and cell intercalation in dorsal cells (Sasai et al., 2004; Chung et
al., 2005).
In this study, we show that a different signaling pathway,
which is mediated by ErbB receptors, also regulates convergent
extension. We used two different means to disrupt ErbB
signaling. The truncated ErbB receptors that lacked the tyrosine
kinase domain and the C-terminal tails could not phosphorylate
downstream targets or provide docking sites for downstream
effectors, but they could still bind ligands and form various
heterodimers with other ErbBs. They thus promiscuously
blocked endogenous signals through all ErbB receptors with
varied efficiency. By contrast, ErbB4-MO specifically blocked
translation of Xenopus ErbB4, but not other ErbBs; it therefore
only interfered with signaling through receptor dimers contain-
ing ErbB4. Using these two loss-of-function strategies, we find
that ErbB signaling influences cell movements without
interrupting mesodermal cell fate, even though overexpression
of ErbBs can induce mesodermal markers in animal caps (Nie
and Chang, 2006). This suggests that the primary role of ErbB
signaling in early Xenopus development is not to modulate
mesoderm formation, but to control the behaviors of the
mesodermal cells. When ErbB signaling is disrupted, dorsal
mesodermal cells fail to adopt bipolar spindle cell shape and
lose their ability to intercalate mediolaterally. ErbBs may thus
influence dynamic cytoskeleton reorganization that is essential
for correct cell morphology and movement during C&E. It will
be important in future to determine the effect of ErbB signaling
on formation and polarization of membrane protrusions as well
as actin organization in trunk mesodermal cells undergoing
C&E. Several downstream signals may mediate the actions of
ErbBs during C&E. The PKC/Ca2+ pathway, MAPK, PI3K, Src
family kinases, c-Abl tyrosine kinase, and Rho family GTPases
can all be activated by ErbBs in mammalian cells to regulate
cancer cell migration and invasion (Fanger et al., 1997; Adam et
al., 1998; Kassis et al., 1999; Olayioye et al., 2000; Spencer et
al., 2000; Dittmar et al., 2002; Holbro et al., 2003; Woodring et
al., 2003; Bromann et al., 2004; Playford and Schaller, 2004;
Sewell et al., 2005). Some of these downstream components
overlap with those stimulated by non-canonical Wnt and FGF
pathways; while others, such as the Src family members and
PI3K, are shown to play a role in gastrulation in Xenopus and/or
zebrafish (Carballada et al., 2001; Denoyelle et al., 2001;
Jopling and den Hertog, 2005). It is possible that non-canonical
Wnt, FGF and ErbB signals regulate overlapping and distinct
aspects of cell behaviors, such as formation or polarization of
membrane protrusions; collectively, the three signaling path-
ways control cell morphology, adhesion and motility during
convergent extension.
Prechordal mesoderm migration
In addition to C&E, ErbBs also regulate head mesoderm
migration. Disruption of ErbB signaling leads to reduced ability
of prechordal mesoderm to migrate on fibronectin substratum.
Several defects may account for this phenomenon. First, thecells show reduced adhesion to each other, so that instead of
forming an intact cell sheet on fibronectin, many cells lose
contact with their neighbors and migrate as individual cells.
This results in randomization of cell movements (Winklbauer et
al., 1992), and consequently reduced overall distance of
migration. Second, the cells also show reduced adhesion to
fibronectin as well as impaired ability to spread on this matrix.
Close inspection of the cells that do adhere to fibronectin
demonstrates that cells do not form lamellipodia and filopodia
efficiently; instead they form dynamic membrane blebs that
unable to exert traction for cell locomotion. ErbB signaling thus
influences cytoskeleton reorganization in both head mesoderm
and trunk mesoderm to regulate different movements. This is
unique among signaling pathways involved in gastrulation
morphogenesis. The only other signal that participates in
regulation of cell behaviors in both mesodermal populations is
the Fizzled-PKC pathway, and its function in head mesoderm
migration is to separate involuted mesoderm from the overlying
ectoderm at the blastocoel roof to maintain a stable interface
(Wacker et al., 2000; Winklbauer et al., 2001). In comparison,
PDGF signaling regulates head mesoderm migration without
affecting convergent extension, and it modulates directionality
rather than motility of the head mesoderm (Symes and Mercola,
1996; Nagel et al., 2004). In addition, transcription factors
Goosecoid and Brachyury are expressed in the prechordal and
chordamesoderm, respectively. They repress each other's
transcription and control different adhesive and polarized
protrusive activities (Wacker et al., 1998; Latinkic and Smith,
1999; Kwan and Kirschner, 2003). This ensures that the head
and the trunk mesoderm display different protrusive and motile
behaviors (Shih and Keller, 1992; Winklbauer and Selchow,
1992). It is currently unclear and will be important to
understand how ErbB signaling crosstalks with these regional
specific factors/signals to control distinct cell behaviors in the
head and the trunk mesoderm.
ErbB signaling and cell adhesion
One common cell property regulated by ErbB signaling in
both head and trunk mesoderm is cell adhesion. Trunk DMZ
explants expressing DN-ErbBs or ErbB4-MO display cell
shedding from mid-neurula stages onward (Suppl. Fig. 1); while
anterior DMZ explants with impaired ErbB signaling dissociate
during the course of migration (Fig. 6). These data indicate that
contacts between neighboring cells are compromised in the
absence of ErbB signaling. One way ErbBs may regulate cell–
cell interaction is through modulation of cell surface adhesion
molecules cadherin family members. In mammalian cells,
EGFR has been shown to bind to cadherin as well as catenin
family members to influence the assembly of cadherin–catenin
complex and to impact on cell adhesion during cancer cell
invasion and metastasis (Hoschuetzky et al., 1994; Kanai et al.,
1995; Al Moustafa et al., 2002; Hirohashi and Kanai, 2003;
Brunton et al., 2004; Qian et al., 2004). Though other ErbB
members have not been examined in detail, it is possible that
most, if not all, ErbBs may regulate activities of particular
cadherin members to alter cell adhesive behaviors in
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are associated with gastrulation defects in Xenopus, zebrafish
and mouse (Kuhl and Wedlich, 1996; Babb and Marrs, 2004;
Gumbiner, 2005; Lecuit, 2005; Montero et al., 2005; Shimizu et
al., 2005; Ulrich et al., 2005; Zohn et al., 2006), highlighting the
importance of cadherin-mediated cell adhesion in this morpho-
genetic process. In Xenopus, different cadherins may participate
in different cell movements, so that disruption of E-cadherin
leads to ectodermal lesion (Levine et al., 1994), activation as
well as inhibition of C-cadherin prevents convergent extension
(Lee and Gumbiner, 1995; Zhong et al., 1999), while XB/U-
cadherin is required for head mesoderm migration (Winklbauer
et al., 1992; Kuhl et al., 1996). ErbBs may potentially cooperate
with different cadherins in different regions to modulate cell–
cell adhesion, and this may be critical for coherent and
coordinated cell movements in both the head and the trunk
mesoderm.
Cell–matrix interaction is also subjected to regulation by
ErbB signaling, as mentioned above, and this may be achieved
via modification of matrix organization and/or activities of
integrin family of matrix receptors. In Xenopus, both fibronectin
and its receptor integrin are implicated in different movements
during gastrulation, including radial cell intercalation during
epiboly, mesodermal cell migration along the blastocoel roof,
and convergent extension (Smith et al., 1990; Winklbauer and
Nagel, 1991; DeSimone, 1994; Ramos et al., 1996; Winklbauer
and Keller, 1996; Nagel and Winklbauer, 1999; Marsden and
DeSimone, 2001, 2003; Davidson et al., 2002, 2004, 2006;
Goto et al., 2005). Extracellular signals, such as activin, FGF,
and the non-canonical Wnt components Frizzled, Strabismus
and Prickled, can control the assembly of fibronectin fibrillar
meshwork and affect cellular behaviors during morphogenesis
(Nagel and Winklbauer, 1999; Goto et al., 2005). Although
ErbBs do not seem to influence fibronectin synthesis and
deposition (Suppl. Fig. 4), it is possible that they may modulate
the assembly of fibronectin into organized fibrils. In addition,
ErbBs may directly regulate activities of integrin. In mamma-
lian cells, EGFR and ErbB2 associate with several integrins to
modulate tumor progression, invasion and would healing
(Falcioni et al., 1997; Adelsman et al., 1999; Gambaletta et
al., 2000; Hintermann et al., 2001, 2005; Mariotti et al., 2001;
Guo et al., 2006). It is conceivable that ErbBs may utilize a
similar strategy in gastrulation to interact with and modify the
functions of integrins. The consequence of this interaction may
affect not only adhesion of mesodermal cells to the fibronectin
matrix, but also formation and polarization of membrane
protrusions in mesodermal cells in response to matrix signals.
In summary, we report here that ErbB signaling regulates
both mesoderm migration and convergent extension during
Xenopus gastrulation, and ErbB4 may participate in both
processes. Knockdown of ErbB4 with specific MO mimics
most aspects of the phenotypes induced by using truncated
ErbB receptors, though migration of head mesoderm is less
affected. This may reflect a partially redundant action of other
ErbBs during head mesoderm migration. ErbBs may control
gastrulation movements through modulation of cell adhesion,
morphology and membrane protrusions. Our studies leaveseveral key questions unanswered. For example, it is not known
how ErbBs utilize various downstream signals to modulate
different cell behaviors and movements, whether ErbBs regulate
activities of cadherins and integrins directly, and how ErbBs
may interact with other signaling pathways to control cell
adhesion, polarity and motility during gastrulation. These
questions need to be investigated further in future.
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